Introduction

52
Virus particles (virions) are generally considered to be inanimate, influencing cells only 53 upon contact. Virions typically contact appropriate host cells through biological, mechanical, or 54 other physical processes but virions are not known to have their own mechanisms for attracting 55 motile cells from a distance. Here, we report that chloroviruses can attract Paramecium bursaria 56 from a distance by altering their movements. The action of a virus as a chemotactic agent has 57 significant implications in biological systems from immune functions to predator-prey interactions.
58
Chloroviruses (Family Phycodnaviridae) are large icosahedral (190 nm in diameter) dsDNA 59 viruses (genomes of 290 to 370 kb) containing an internal, single bi-layered lipid membrane (1, 2).
60
Chloroviruses infect certain eukaryotic green algae that are mutualistic endosymbionts (referred to 61 as zoochlorellae) of organisms such as the protozoan Paramecium bursaria (Cilophora) (3, 4) .
62
However, the zoochlorellae as endosymbionts are resistant to virus infection because the viruses 63 have no way of reaching their hosts. For virus expansion to occur the protective barrier provided by 64 P. bursaria must be disrupted. We have determined that one mechanism for increasing the 65 chlorovirus population is due to an ecological catalytic event driven by predators, including a 66 cyclopoid copepod predator (Eucyclops agilis) that engulfs the entire P. bursaria (prey) during 67 feeding (5) or the ciliate Didinium nasutum that disrupts the P. bursaria during feeding (referred to 68 as messy feeding) (6) In the case of copepod consumption, when a fecal pellet is released into the 69 water column, the virus replicates in the released zoochlorellae and nascent virions subsequently 70 diffuse from the fecal pellet, resulting in a localized high concentration of virus (5). Messy feeding 71 by Didinium releases algal cells into the water column where they are infected (6). These catalytic 72 processes can contribute to cycles of chlorovirus expansion in temperate lakes (e.g., 7). The 73 efficiency of this process is enhanced because the chloroviruses reside on the outer surface of the 74 paramecia, often at the base of the ciliary pits that can number in the thousands per cell (8, 9, 10) . 75 4 Previous estimates suggest that hundreds of infectious chloroviruses can be attached to the surface 76 of a single cell (5) . How so many virions accumulate on paramecia cells is unknown.
77
The accumulation of virions on the cell surface could occur through random contacts 78 between the paramecia and virus particles as the paramecia moves through the water. This process 79 would be consistent with the view that virions cannot attract cells from a distance. If this is true, 80 there should be no observable shifts in paramecium movement in response to gradients in virus 81 density. In contrast, if chloroviruses are able to signal to paramecia from a distance through some 82 chemical means, then the paramecia should show detectable behavioral shifts as they orient toward 83 the virus particles (chemotaxis). Here, we describe choice/no-choice experiments that reveal 84 strong directional movement of P. bursaria toward concentrations of chloroviruses relative to 85 alternative targets, demonstrating the chemotactic influence of a virus on cells from a distance.
87
Results
88
We used a simple three-way system wherein P. bursaria placed in the center of a Petri dish 89 could move out into one of three arms toward different targets ( Fig. 1 ). Targets were paper disks 90 loaded with target agents. Each experiment was run with one of two possible sets of three choices 91 ( Fig. 1A, B ) paired with a no-choice experiment as a negative control (Fig. 1C) , and replicated 4-6 92 times. Each replicate experiment was analyzed with chi-square tests to assess differences in 93 frequency of P. bursaria cells moving towards the three different targets, and outcomes were 94 summarized across all replicates. We ran a series of trials that show that P. bursaria are not 95 attracted to algal host cells but are attracted to infected cells, that P. bursaria respond more 96 intentionally to higher densities of virions, and that P. bursaria respond to a variety of chlorovirus 97 strains. P. bursaria showed no directional movements in control dishes.
98
First, we determined that chlorovirus-infected cells could influence the movement behavior 99 of P. bursaria. In these experiments, we used the paramecium-free zoochlorellae that are 5 susceptible to the Chlorovirus Osy-NE-ZA1 (5, 6). We estimated that Osy-NE-ZA1 infection kinetics 101 are similar to the type member of the genus Chlorovirus PBCV-1 (1), indicating a burst size of 102 ~1,000 virus particles per cell, of which 20-30% are infectious (11). Thus, cell-free extracts were 103 prepared from 4 hr-infected zoochlorellae and used as the choice target in microcosm chambers, 104 because intact, infectious virus particles are inside host cells by 4 to 6 hr post infection (11, 12) as 105 described in the Methods. Cell-free extracts from mock-infected zoochlorellae and sterile pond 106 water (hereafter, pond water) were used as choice controls. The paramecium movement-behavior 107 was assessed by counting the population distribution after 12 hr of free ranging movement within 108 the microcosm. We observed that paramecia were attracted to the virus-infected cell-free extract 109 relative to the mock-infected cell-free extract or the pond water control (p = 10 -17 -10 -5 , n = 6; 110 Table 1) ; whereas, in microcosm chambers with no choices (all targets were pond water), the 111 paramecium were equally distributed (p = 0.08 -0.67, n = 5) ( Fig. 2 ).
112
Pilot experiments with purified virions as the target showed that these movements of 113 paramecia were directed toward the virus itself. We then varied the amount of virions in the target 114 and showed that the movements were concentration dependent. Even at the lowest concentration 115 tested [10 1 plaque-forming units (PFU)], P. bursaria showed orientation toward the viruses (Fig.3 ).
116
As virion concentrations increased, the number of paramecia located at the virus target increased.
117
This increase was confirmed by an increasing chi-square value showing that an increase in virion 118 numbers resulted in higher chi-square values and decreased p-values; these results indicate that 119 there is increasing confidence in the orientation toward the virus target as virion concentrations 120 increase (Table 2) . A dose-response curve revealed an apparent two-phase response with a lower 121 limit of efficacy between 10 1 -10 3 PFU per disk, and a secondary response above 10 5 PFU per disk.
122
We used an Osy virus (Osy-NE-ZA1) as the target in the initial experiments because the P. 123 bursaria cultures containing zoochlorellae were infected by Osy viruses (5, 6) . Currently our 124 laboratory has four such algal/virus systems; they are Chlorella variabilis NC64A and its viruses 6 (referred to as NC64A viruses), Chlorella variabilis Syngen 2-3 and its viruses (referred to as Osy 126 viruses), Chlorella heliozoae SAG 3.83 and its viruses (referred to as SAG viruses) and Micractinium 127 conductrix Pbi and its viruses (referred to as Pbi viruses) (1, 13 14 15) . To determine if the behavior 128 of P. bursaria was chlorovirus specific, we conducted identical experiments with other chlorovirus 129 strains (PBCV-1 an NC64A virus, TN603 an SAG virus and CVM-1 a Pbi virus), and each chlorovirus 130 attracted the paramecia ( Fig. 4 ; Table 3 ). Therefore, the chemotaxis was not chlorovirus type 131 specific.
132
The observed chemotaxis was not due to reagents used in preparing the virus stocks. The 133 chloroviruses were isolated using either sucrose or Iodixanol density gradients. We evaluated the 134 density gradient materials to determine if residuals of these chemicals influenced the ability of the 135 virus to attract P. bursaria. No significant differences were detected using virions purified by either 136 sucrose or Iodixanol gradients to attract P. bursaria ( Fig. 5 ; Table 4 ). We also substituted disks 137 soaked in 40 % of either sucrose or Iodixanol in place of virus for one of the three arms in the 138 choice microcosms. P. bursaria did not show any preferential movement toward sucrose or 139 Iodixanol targets. Therefore, we conclude that the virus alone was responsible for attracting P. 
141
To begin to evaluate the soluble nature of the chemoattractive agent, virions were separated 142 from the aqueous phase by centrifugation, so that we could recover and evaluate both the pellet and 143 supernatant fractions ( Fig. 6 ; Table 5 ). The majority of the attractive "signal" was retained in the 144 "wash" fraction that is essentially free of virus, indicating that there was a soluble agent(s) "leaking" Collectively, our results indicate that P. bursaria could detect and move toward 150 chloroviruses, and this intentional behavior was virus concentration-dependent. These results 151 stand in contrast to the paradigm that viruses do not signal to other cells from a distance and are 152 dependent on biological, mechanical, or other physical processes to facilitate contacts with hosts 153 and other intermediary cells. We infer that chloroviruses have associated chemical signals that are 154 detected in low concentrations at a great distance by P. bursaria (roughly 400 cell lengths for cells 155 ~70-80 μm in length in the microcosms used in these studies). Although P. bursaria is not the host 156 of the chloroviruses, attracting P. bursaria cells increases the possibility that chloroviruses can 157 adhere to their outer membrane. These contacts would otherwise depend on substantial movement 158 of P. bursaria cells through the water column to facilitate random encounters to lead to effective 159 accumulation of chloroviruses. This adherence in turn places the chloroviruses in the correct 160 location to take advantage of ecological catalysts by predation that release zoochlorellae through 161 either messy feeding or by passing fecal pellets. These processes may not be isolated to just this P.
162
bursaria system, as zoochlorellae are also associated with other symbiotic hosts such as the 163 coelenterate Hydra viridis (e.g., 16 and the heliozoan Acanthocystis turfacea (e.g., 17).
164
Although paramecia moved towards the chloroviruses at potentially high ratios (up to ~5:1 165 virus to alternative targets), not all individual paramecia chose to move toward the virus target.
166
There was always a subset of the P. bursaria population that did not track to the virus target, 167 independent of the virus amount. This suggests that individuals may differ in either their ability to 168 detect the chemical cue or the motivation to respond to it. It is likely that individuals either vary in 169 the number of viruses already on the cell surface at the time of the experiment, in their stage of the 170 cell cycle, or in their physiology. Individual variation in propensity to seek out concentrations of 171 chloroviruses could have significant implications for the evolution of chloroviruses and P. bursaria, 172 as there may be fitness benefits to either carrying or shunning chlorovirus surface loads.
8
We do not know what the chemical nature of the chemotactic/chemo-attractive signal is.
174
Virus particle complexity tends to increase with the size of the genome, including virion size and 175 shape, protein composition and diversity, membrane content and composition, small molecule 176 content, and charge neutralizing agents such as cations (18). All of these factors contribute to 177 particle stability and infection potential as an extracellular agent that is animated upon contact with 
189
To begin to understand the chemical nature of chemotactic agent(s), virions were allowed 190 to incubate in the VSB, then the supernatant fraction was collected after centrifugation and the 191 pellet fraction was re-suspended in an equivalent volume. These fractions were evaluated in the 192 standard 3-chamber microcosm, as shown in Fig. 6 . The paramecia migrated to both fractions, but 193 more so to the soluble fraction. The data support the hypothesis that there is a soluble agent that 194 "leaks" from the virus particles. However, this is apparently not due to virus particle degradation, as 195 indicated by a full recovery of PFUs in the pellet fraction.
196
Virions have not previously been reported to act as chemotactic/chemo-attractive agents.
197
Rather, viruses as extracellular entities are generally viewed as non-metabolically active spore-like 9 agents that await further infection events upon collisions with appropriate host cells. That a virus 199 might actively contribute to its fate via chemotaxis and change the behavior of an organism 200 independent of infection is unprecedented. However, a recent report indicates that at least some 201 bacteriophage can communicate with one another by producing and sensing small peptides as 202 chemical messages (23) 
259
Three to 4 ml of virion suspensions were layered on the pre-formed gradients, then centrifuged at 260 72,000 × g for 20 min at 4 C. The virion bands were approximately 1/2 to 2/3 deep in the 261 gradients, which were aspirated using a sterile bent cannula to remove the particles from the top.
262
The suspended virions were transferred to a Beckman Type 19 tube, diluted with VSB and pelleted 263 at 53,000 × g as above. The supernatant fractions were discarded, and pellet fractions were re-264 suspended overnight at 4 C with 2 ml of VSB. After fully re-suspending the pelleted virions, the 265 material was treated with proteinase K (final concentration of 0.02 mg/ml) and incubated at 45 C 266 for one hr to degrade non-virion associated proteins (26). The proteinase K-treated virions were 267 applied to another density gradient fractionation, as described above, then collected and fully 
289
(1.5 %, w/v, ThermoFisher). We used a locally fabricated three-channel mold (Fig. 7A ) that allowed 290 us to provide a three-way choice for the paramecia while moving freely in an aqueous condition. To 291 set up the microcosm chamber, a thin layer of agar was first added and allowed to cool in a level 292 Petri dish (92 × 16 mm Petri dish, Sarstedt, Germany), and the mold was put in the middle of the 293 dish. Then hot liquid agar medium was added slowly (25-30 ml agar/dish) and left to solidify at 294 room temperature. The mold was a three-channel triangle like shape (Plastic tubing connector-Y, 295 tapered: 9.9-11.5 mm) ( Fig. 7A, B) ; the end of each channel's width was 7 mm, and the entrance to 296 the channel was 15 mm; the length of each channel was 30 mm. Once solidified, the mold was 297 carefully removed from the Petri dish, and a small amount of hot liquid agar was added to smooth 13 the channel and make them equal in all directions. The depth of each channel was 10 mm, and the 299 agar thickness was 16 mm.
300
Using three grade AA Whatman paper discs (6 mm from GE Healthcare, UK), 20 µl of each 301 treatment condition was spotted onto the filter paper. Each disc was then placed at the end of each 302 of the three channels (Fig. 7C ). The paramecia (110-125 paramecia/ml in pond water) were 303 counted and 1 ml was added to the middle of the microcosm so that they could move freely in all 304 directions. Each experimental treatment had five replicas. The choice-type microcosm included a 305 Chlorovirus, VSB and pond water, whereas, the non-choice-type microcosm contained three 306 treatments of pond water, as a control. The treatment conditions were blind-coded.
307
The microcosm chambers with ranging paramecia were left overnight, then a micro cover 308 glass (22 mm × 22 mm VWR Scientific products, US) was used to block each channel from the 309 middle distance (15 mm between the filter paper disc to the Petri dish center) ( Fig. 7C) 
462
Panel A represents the distribution of the paramecia in the 3-chamber microcosms after an 463 overnight incubation that allows the paramecia to roam throughout the microcosm space. The 464 negative control (C) and the positive control (VC) were as observed previously (e.g., Figure 4 ). Both 465 the pellet fraction (VP) and the supernatant fraction (VS) attract paramecia relative to the VSB and 466 pond water choices; however, the VS attracted more paramecia than did the VP. Panels B and C 467 provide the statistical support for these observations. Sample codes: "C" is the no-choice negative 468 control where all targets are pond water (blue); "VC" is the non-treated virus suspended in virus 469 stabilization buffer (VSB) after 24 hours incubation at room temperature (yellow); "VP" is the virus 20 after 24 hours incubation at room temperature, then centrifuged at 20,000 x g for 1 hour and re-471 suspended in VSB as the pellet fraction (which is intended to contain the vast majority of virions) 472 (purple); "VS" is the virus after 24 hours incubation at room temperature, then centrifuged at 473 20,000 x g for 1 hour separated as the supernatant fraction (which is intended to be essentially free 474 of virus) (orange). VC, VP and VS were compared to VSB and pond water as choices. The data and 475 statistical analyses for this experiment are found in Table 5 . Columns are the measured values and associated statistical data from each of six microcosms for the virus-infected cell-free extracts, and five for the mock-infected; the values represent the average of the blind-coded readings by at least four individuals. The data are represented in Figure 2 . Columns are the measured values and associated statistical data from each of four microcosms; the values represent the average of the blind-coded readings by at least four individuals. The data are represented in Figure 3 . Columns are the measured values and associated statistical data from each of five microcosms; the values represent the average of the blind-coded readings by at least four individuals. All virus concentrations were 1×10^4 PFU/disk. The data are represented in Figure 4 . Columns are the measured values and associated statistical data from each of five microcosms; the values represent the average of the blind-coded readings by at least four individuals. The data are represented in Figure 5 . Columns are the measured values and associated statistical data from each of four treatments in four replicate microcosms that are evaluating untreated virions (Virus control), and the soluble (Virus supernatant) and pellet (Virus pellet) fractions of the corresponding virus preparation, as described in the Materials and Methods. The values represent the average of the blindcoded readings by four individuals. The data are represented in Figure 6 .
